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Autonomous optical navigation is one of the key enabling technologies for the Lunar Meteoroid Impacts Observer
(LUMIO) mission, as well as for other deep-space science and exploration CubeSat missions. Traditional navigation
techniques rely on radiometric tracking from ground stations, but a flight dynamics team must be allocated for
every mission phase like in a conventional spacecraft mission, thus increasing the ground segment costs. The
challenge of granting autonomy in navigation to deep-space CubeSats is faced by LUMIO, acknowledged by ESA
as ex-aequo winner of SysNova Lunar CubeSats for Exploration competition, and currently under consideration
for future implementation by the Agency. LUMIO envisages a 12U CubeSat form-factor placed in a halo orbit at
Earth-Moon L2 to characterize the lunar meteoroid flux by detecting the impact flashes produced on the far-side
of the Moon. LUMIO CubeSat performs autonomous on-board optical navigation by processing resolved images of
the Moon, where its full-disk is visible. The relative position vector to the Moon is estimated by linking the Moon
apparent size in an image with the real one, and the Moon position in the acquired image to the LUMIO-to-Moon
line of sight, provided that both the spacecraft attitude and the Moon ephemeris are known. Then, an extended
Kalman filter is exploited to estimate the spacecraft full state and increase the estimation accuracy. This work
shows the performances of the full-disk autonomous optical navigation for LUMIO, and discusses improvements
in view of the possible mission implementation.
1 Introduction
CubeSats’ appealing is growing within the space com-
munity due to their capability of accomplishing relevant
scientific and engineering tasks while still being low-cost
platforms [1]. The savings in the total cost are at-
tributable to the reduced size, mass, and power required
for a CubeSat with respect to traditional spacecraft,
which leads to an always increasing number of CubeSat
launches per year [2]. However, navigating CubeSats
with traditional techniques still requires ground facili-
ties to perform radiometric tracking [3], thus keeping
the same navigation cost of larger spacecraft. Full or
partial autonomous navigation techniques would reduce
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the navigation cost and consequently the overall cost of
space missions by leaving out or lowering the tracking
from ground stations.
The Lunar Meteoroid Impacts Observer (LUMIO) is a
12U CubeSat form-factor mission to observe, quantify,
and characterize the meteoroid impact flux in the Lunar
environment by detecting their impact flashes on the lu-
nar far-side [4]. LUMIO was awarded ex-aequo winner
of the European Space Agency’s challenge Lunar Cube-
Sat for Exploration, under the SysNova framework. A
consecutive independent assessment conducted at ESA’s
Concurrent Design Facility has proven the mission feasi-
ble [5]. LUMIO is located on a quasi-halo orbit about the
second Lagrangian point of the Earth-Moon system [6].
This orbit allows extended imaging of the lunar far-side
to gather images of the Moon for light flashes detection
due to meteoroid impacts. These images, acquired by
the LUMIO scientific payload (the LUMIO-Cam, an op-
tical instrument capable of detecting faint flashes [4]),
are also used to navigate autonomously using the Moon
full-disk images through the Horizon-Based navigation
method [7]. In this work, the performances of the au-
tonomous horizon-based navigation for LUMIO are as-
sessed by simulating the navigation method with syn-
thetic Moon images and discussed in view of future mis-
sion study phases.
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2 LUMIO Orbit
The particular quasi-halo orbit around the second La-
grangian point of the Earth-Moon system is shown in
Figure 1. It has been derived to optimize the observa-
tion of the lunar far-side [8]. This orbit, having a Jacobi
constant of 3.09 and a range to the Moon from 35525 km
to 86551 km, grants the steadiness of operations since it
is quasi-resonant by a factor 2:1 with the Earth-Moon
system, so that LUMIO completes two revolutions every































Fig. 1: LUMIO operative orbit.
One of the two consecutive revolutions is dedicated to
engineering operations (e.g., station keeping), while the
other one to the LUMIO scientific investigation, that is
the detection of meteoroid impacts on the lunar far-side.
As shown in Figure 2, the engineering and navigation
phase occurs when the Moon is seen as lit from the L2
point, while the scientific phase occurs when the lunar















Fig. 2: LUMIO concept of operations.
A total 1-year station keeping cost of 18 m/s is required
for the selected orbit [6], provided that the position and
velocity vectors components are determined with an ac-
curacy of 30 km and 50 cm/s, respectively. Three equally
distributed station keeping maneuvers are planned each
engineering orbit and a 30 cm/s accuracy in velocity
components is required 24 hours before the maneuver
execution. These are the main navigation requirements
for LUMIO.
3 Horizon-based Navigation
A preliminary trade-off about different navigation tech-
niques for the LUMIO operative orbit, such as the tra-
ditional radiometric tracking [3], the X-ray pulsar nav-
igation [9, 10], the Celestial Triangulation [11, 12], and
the Horizon-based navigation [7, 13, 14] has been per-
formed where the figures of merit are the autonomy,
the accuracy, the sensor maturity, and the cost for each
navigation method. The radiometric tracking has been
excluded for the purpose of granting autonomy to LU-
MIO and due to the inherent costs related to the use of
ground stations. At the time of writing, the X-ray pul-
sar navigation is the most promising method for future
missions, but still requires sensor development for Cube-
Sat implementation. The Celestial Triangulation needs
many celestial objects to triangulate the LUMIO posi-
tion. The Horizon-Based navigation has been selected
as baseline because it uses the full-disk Moon images ac-
quired by the LUMIO-Cam to estimate the spacecraft
position, thus optimizing the mass and power budgets
for the navigation system and the overall cost, since no
additional sensors and ground contacts are required.
Different solutions to the Horizon-based optical naviga-
tion problem for elliptical bodies of given shape matrix
A = diag(a−2; b−2; c−2), where a, b, and c are the
semi-axis lengths, have been proposed [7, 13, 14]. The
measurements of the methods are the line-of-sight (LOS)
directions to a number of horizon points retrieved from
images, that are used to estimate the spacecraft posi-
tion provided that attitude is known. The formulation
from [7] is a simple non-iterative solution. Initially, all
the LOS directions to the horizon points are expressed
in the Cholesky space as
ρi,c = Uρi, (1)
where ρi is the LOS to the i-esimal horizon point, U is
the Cholesky decomposition of the ellipsoid shape matrix
A, so thatA = UTU , and ρi,c is the LOS to the i-esimal
horizon point expressed in the Cholesky space. Then, all
the directions ρi,c are collected in a rectangular matrix
C and the vector n is estimated in least squares from
C n = 1m, (2)
where m is the number of measured horizon points and
1m is a column vector of size m where each component
is 1. Once obtained n, the camera-to-object position
vector r is estimated as
r = −U−1 (nT n− 1)−1/2 n. (3)
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4 Simulation Setup
The simulation of the proposed horizon-based au-
tonomous optical navigation for LUMIO and the as-
sessment of its performances are structured in different
steps, which span from the generation of synthetic im-
ages to the spacecraft state estimation. In particular,
three macro-sections are defined, which are the:
- Generation of synthetic Moon images (Section 4.1);
- Processing of Moon images (Section 4.2);
- Spacecraft Orbit Determination (Section 4.3).
These phases are described hereinafter.
4.1 Image generation
The generation of synthetic Moon images is accom-
plished by a synergy between MATLAB®and POV-Ray
software. The LUMIO position in the operative orbit,
together with its attitude, the LUMIO-Cam pointing
direction, and the illumination geometry are retrieved
from dedicated kernels at each epoch in MATLAB®.
These data are sent to POV-Ray, where the LUMIO-
Cam properties [8] and the Moon model with its tex-
ture and digital elevation model are defined. Then, the
POV-Ray software renders synthetic Moon images for
each selected epoch.
At k-esimal epoch, retrieve: 
1. Moon, Sun, LUMIO  Positions
2. LUMIO  Attitude
3. LUMIO-Cam Orientation
MATLAB POV-Ray




Fig. 3: Simulator architecture. The observation geome-
try is defined in MATLAB, while the optical and
shape properties in POV-Ray.
4.2 Image Processing
The aim of the image processing is to detect the pixels
belonging to the Moon lit horizon and fit an ellipse to
these points, so estimating the Moon apparent disk [11,
13], as shown in Figure 4. This is achieved through the
following steps [7]:
1) Image acquisition and correction;
2) Black and white conversion;
3) Estimation of light direction;
4) Edge finding methods application (e.g., Canny [15]);
5) Selection of lit horizon line;
6) Ellipse fitting to horizon pixels.
The ellipse fitted to the horizon points is an estimation
of the Moon full disk. The LOS directions to the Moon
disk (ρi) can then be retrieved from the the image and
used to estimate the spacecraft position as per Section 3.
For the sake of clarity, other image processing algorithms
to estimate an object full disk exist [14, 16].
2a
Fig. 4: Moon full disk estimation.
4.3 Orbit Determination
An extended Kalman filter [17] has been implemented to
increase the position estimation accuracy and to provide
a velocity estimate. The output from the procedure in
Section 3 is the CubeSat position vector in the camera
reference frame, which can be expressed into the J2000
reference frame centered at the Moon through the at-
titude matrix (assumed to be known) and the camera
relative position and attitude kernels. The system equa-
tions are then
xk = f(xk−1,wk−1),
yk = Hxk + vk,
(4)
(5)
where x is the 6x1 spacecraft state vector expressed in
the J2000 reference frame centered at the Moon, f is the
right-hand side of the astrodynamics model [18], y is the
3x1 camera-to-Moon position measurement expressed in
the J2000 frame, H = [I3x3; 03x3], and k is the discrete
step. The model and measurement errors, w and v, re-
spectively, are mutually uncorrelated zero-mean white
noise processes with known covariances (Q and R, re-
spectively),
wk ∼ (0, Qk),
vk ∼ (0, Rk).
(6)
(7)











while the correction step is





k +Kk [yk −H xˆ−k ],




where P is the state estimate error covariance, F is
∂f/∂x, K is the Kalman gain, the ”∧” superscript de-
notes estimated quantities, and ”-” and ”+” denote pre-
dicted and corrected variables, respectively.
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5 Navigation Performances
5.1 Error Template
The methods outlined in Section 3 and Section 4.2 have
been applied to the synthetic Moon images to retrieve a
static error template. This template, shown in Figure 5,
is used to characterize the error in the Kalman filter.













Fig. 5: Static error template during three halo periods.
The error in Figure 5 is computed in the camera ref-
erence frame, where x, y, and z are the left, up, and
depth directions, respectively. The maximum root mean








where pi is the error of one position component at the
epoch i and N is the total number of measurements,
is RMSE = 83.60 km, and is used to characterize the
standard deviation of the white noise processes in the
Kalman filter.
5.2 Frequency Tuning
LUMIO executes three station keeping maneuvers and
requires a state vector knowledge accuracy of 30 km in
position components and 30 cm/s in velocity compo-
nents 24 hours before the maneuver execution (cut-off
time) during the engineering orbits, as shown in Figure
6(a), where three halo orbit periods are presented (the
first and the third orbit period are those devoted to en-
gineering and navigation). The frequency in acquiring
images is increased before the cut-off time to provide
better inputs to the Kalman filter.
The following acquisition frequencies are used through-
out the halo orbits:
1) A High Frequency of 1 acquisition per minute (HF =
16.7 mHz) starting one day before the cut-off times;
2) A Medium Frequency of 1 acquisition per 10 minutes
(MF = 1.67 mHz) is during nominal operations;
3) A Low Frequency of 1 acquisition per 60 minutes (LF
= 0.277 mHz) during scientific operations.
0 5 10 15 20 25 30 35 40
Time [d]
SK maneuver Cut-off Time Halo period

















(a) Station Keeping maneuvers planning.0 5 10 15 20 25 30 35 40
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SK maneuver Cut-off Time Halo period

















(b) Acquisition frequency planning.
Fig. 6: LUMIO Concept of operations for station keep-
ing. (a) Planning of S/K maneuvers; (b) Mod-
ulation of acquisition frequency to meet naviga-
tion requirements. The shaded zone is related to
the science orbit where no S/K is planned.
5.3 Filter Settings
The measurements of the extended Kalman filter are
zero-mean white noise processes with a 3σ standard de-
viation of 250.8 km assigned to each position vector com-
ponent (X, Y, and Z). This follows the error character-
















R = 7× 103 I3, (16)
where units of km2 are used for position-related quanti-
ties and km2/s2 for velocity-related quantities.
5.4 Filter Outputs
The 3σ covariance bounds in terms of position and ve-
locity components estimation as output of the Kalman
filter are shown in Figure 7. The dashed vertical lines
delimit the three halo periods, where the first and the
third periods are related to the engineering orbit, and
the second period to the science orbit. The position and
velocity errors are always kept within 30 km and 50 cm/s
during engineering operations, with a refinement on the
velocity estimation at the cut-off time for the station
keeping maneuvers, as discussed in Section 2.
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(b) 3σ covariance bounds in velocity components estimation.
Fig. 7: 3σ covariance bounds in (a) position and (b) ve-
locity components estimation.
6 Conclusions
The feasibility of horizon-based autonomous optical nav-
igation using Moon images for LUMIO, a CubeSat form-
factor mission at the second Lagrangian point of the
Earth–Moon system, has been investigated. Synthetic
images of the Moon have been generated by a combina-
tion of MATLAB®and POV-Ray and processed to esti-
mate the spacecraft position and its full state through an
extended Kalman filter. The results in terms of position
and velocity components estimation bounds confirm the
preliminary feasibility of autonomous optical navigation
for the LUMIO mission.
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